1. Introduction {#sec1}
===============

Nearly two decades ago, Brand-Miller and Colagiuri published the Carnivore Connection hypothesis \[[@B1]\], proposing that dietary carbohydrate, both quantity and quality, played a critical role in the natural history of type 2 diabetes. We proposed that low glucose intake associated with a low-carbohydrate, high-protein carnivorous diet during the Ice Ages which dominated the last two million years of human evolution led to insulin resistance becoming a survival and reproductive advantage. When food energy was abundant, but dietary carbohydrate scarce, those with greater inherent insulin resistance were able to redirect glucose from maternal use to fetal metabolism, increasing birth weight and survival of offspring. In certain groups of people, other factors such as geographic isolation or starvation may have contributed further to positive selection for insulin resistance genes.

We also hypothesized that the selective pressure for insulin resistance was relaxed with the advent of agriculture and increased amounts of carbohydrate in the diet. Domestication of cereals first began around 12,000 years ago in the Middle East and spread throughout Europe before it was developed elsewhere. Populations that have only recently adopted agriculture are therefore likely to have a higher prevalence of genes for insulin resistance compared with those exposed for longer timeframes. In susceptible populations, lifestyle changes, including higher carbohydrate intake, weight gain, and sedentary habits, worsen insulin resistance and expose the genetic predisposition to type 2 diabetes. Westernization is associated with a high-carbohydrate, high-glycemic index (GI) diet, which produces sustained postprandial hyperinsulinemia, high insulin secretory capacity, and potentially *β*-cell dysfunction. The highest prevalence of type 2 diabetes is seen in recent hunter-gatherer populations who have rapidly westernized, including Pima Indians, Nauruans, and Australian Aboriginals \[[@B2]--[@B4]\].

Europeans and their descendants appear to be the only group with a relatively low predisposition to type 2 diabetes, even in the midst of the current epidemic of obesity \[[@B5]\].

Since the publication of the original hypothesis in 1994, there have been notable changes in the prevalence of type 2 diabetes and new findings relating to glucose metabolism in pregnancy and in response to different types of diet. The aim of this paper is to update the hypothesis and examine recent evidence. The revised Carnivore Connection hypothesis is shown in [Figure 1](#fig1){ref-type="fig"} and hinges on five (four old and one new) lines of evidence.

1.  During the last two million years of evolution, humans were increasingly carnivorous, that is, consumed a low-carbohydrate, high-protein diet.

2.  A low-carbohydrate, high-protein diet requires profound insulin resistance to maintain glucose homeostasis, particularly during reproduction.

3.  Genetic differences in insulin resistance and predisposition to type 2 diabetes can be explained by differences in exposure to carbohydrate during the past 12,000 years.

4.  Changes in the quality of carbohydrate can explain the higher prevalence of type 2 diabetes in susceptible populations.

5.  Habitual consumption of a high-glycemic-load diet worsens insulin resistance and contributes to the obesity and type 2 diabetes in all populations.

2. The Low-Carbohydrate Existence {#sec2}
=================================

Over 2.5 million years ago, our prehuman ancestors in Africa lived in a warm, moist environment in which carbohydrate derived from fruit and berries was an important source of energy \[[@B6]\]. However, with the beginning of the Pleistocene 2.5 million years ago, came at least 11 distinct glaciations, the last of which ended *∼*12,000 years ago, with the start of the Holocene. With the first severe Ice Age, global temperatures fell dramatically and resulted in moist African forest becoming dry, open woodland and savannah \[[@B7]\]. Hominids that were unable to utilize grasslands became increasingly carnivorous. The first stone tools in the fossil record coincide with the existence of *Homo habilis* 2 million years ago, suggesting that they may have supplemented a vegetarian diet with scavenged or hunted meat \[[@B8]\]. *H. erectus* who lived 1.5 million years ago is known to have actively hunted and was the first species to systematically make tools and use fire \[[@B8]\]. In Africa and Eurasia, hunted animals displaced gathered plant foods as the principal source of food, leading to a diet low in carbohydrate and high in protein for most of the year. Increased meat intake from wild terrestrial and marine animals would have also provided greater amounts of omega-3 fatty acids such as docosahexaenoic acid essential for brain development, facilitating the larger brain size of *H. sapiens*\[[@B9], [@B10]\].

Hunting and fishing continued to dominate the way of life through subsequent Ice Ages in a variety of geographical environments. Even during the warmer interglacials, parts of the world remained cold and humans maintained a hunting/fishing existence, for example, the historical Eskimo diet of arctic Canada, Alaska, Greenland, and Russia that was almost devoid of readily absorbable carbohydrate \[[@B11]\]. Where ecologically possible, hunter gatherer populations consumed high amounts of animal food \[[@B12]\]. Wild plant foods such as berries and root vegetables would have supplied some carbohydrate especially at lower latitudes and during interglacials. However, much of the carbohydrate was unavailable \[[@B13]\] and elicited a low glycemic response in part due to a large amount of fiber. The amount of carbohydrate may have ranged from as little as 10 g up to 125 g a day, much lower than the typical 250 to 400 g per day consumed in modern diets \[[@B6]\]. The diets of contemporary hunter-gatherers probably contained around 20--35% energy from protein and 20--40% of energy from carbohydrate \[[@B12]\]. Reconstruction of paleolithic diets in East Africa incorporating different foraging strategies generates similar values: 25--30% energy from protein and 40% energy from carbohydrate \[[@B14]\].

The advent of agriculture 12,000 years ago led to increased cereal consumption and high intakes of available starch for the first time in human evolution \[[@B15]\]. Agriculture began in the Middle East, and, after spreading rapidly to Europe, it extended gradually throughout Asia and the Americas. However, some groups such as the Meso-Americans and Pima Indians adopted agriculture only recently, that is, within the last 5,000 years, while Australian Aboriginal people never developed agriculture \[[@B16]\]. The early settlers of the Nauru and other Pacific atolls consumed a diet high in fish and coconuts supplemented at various times by root crops \[[@B17]\].

3. Metabolic Consequences of a Low-Carbohydrate, High-Protein Diet {#sec3}
==================================================================

Certain metabolic adaptations were necessary to accommodate low carbohydrate intake because the brain and reproductive tissues had evolved a specific requirement for glucose as a source of fuel \[[@B18], [@B19]\]. The phenotypic expression of this adaptation is insulin resistance in the liver and peripheral tissues. Long-term consumption of a low-carbohydrate, high-protein diet increases insulin resistance \[[@B20]\], with a rise in hepatic glucose production (mediated through an increased carbon flux through the gluconeogenic pathway) and a decrease in peripheral glucose utilization resulting from hypoinsulinemia \[[@B21]\]. In acute experiments using euglycemic hyperinsulinemic clamps, amino acids stimulate postprandial insulin and glucagon secretion without a commensurate change in plasma glucose \[[@B22]\]. In isoenergetic diets, insulin sensitivity as assessed by clamp was 33% lower after 6 wk of a high-protein diet than after 6 wk of a high-carbohydrate diet \[[@B23]\]. High-protein intake was associated with a tendency to increased protein expression in adipose tissue of the translation initiation factor serine-kinase-6-1, which is known to mediate amino-acid-induced insulin resistance.

In a low-carbohydrate environment, mild insulin resistance may have increased survival, but reproduction probably required greater degrees of intrinsic insulin resistance. Glucose is the main fuel for fetal growth \[[@B24]--[@B26]\], and low glucose availability would compromise fetal survival. Even though increased gluconeogenesis is one of the first adaptations to pregnancy, maternal glucose levels decline in early pregnancy \[[@B27], [@B28]\]. Greater insulin resistance in the maternal tissues would increase the likelihood of higher maternal glucose concentration. In healthy pregnant women, fetal growth is directly correlated with maternal glucose concentration \[[@B29]\], and larger infants (with greater likelihood of survival) are born to women with higher glucose concentrations \[[@B28]\]. Insulin-sensitive animals may not be able to meet the increased demand for preformed glucose during pregnancy. Obtaining adequate glucose for fetal growth from gluconeogenesis can be difficult, especially in younger women \[[@B27]\], but may be possible if dietary protein is sufficiently high \[[@B25], [@B26]\]. Offspring survival could also be affected due to the increased demand for glucose during lactation. In rats, utilization of glucose and other lipogenic precursors by the mammary gland is facilitated by muscular insulin resistance \[[@B30], [@B31]\].

Hence, a reproductive and survival advantage appears to exist in individuals with a greater degree of insulin resistance on a low-carbohydrate diet. This inherited insulin resistance may involve different genes/enzymes than dietary-induced insulin resistance. Insulin-sensitive subjects seem to find a low-carbohydrate, high-protein diet difficult to tolerate, with side effects such as nausea and headache \[[@B32], [@B33]\]. On the other hand, insulin resistant subjects \[[@B34], [@B35]\] and genetically obese animals \[[@B36]\] appear to tolerate a high-protein diet very well. Studies have shown high-protein diets produce the most desirable metabolic profile in individuals with type 2 diabetes \[[@B37]--[@B39]\].

4. Differences in Predisposition to Type 2 Diabetes {#sec4}
===================================================

Insulin resistance can lead to *β*-cell decompensation and eventually type 2 diabetes \[[@B40]\]. We propose that the selection pressure for insulin resistance was relaxed first in Europeans when dietary carbohydrate increased 12,000 years ago with the advent of agriculture \[[@B15]\]. In accordance with this long-term exposure, Europeans have experienced a lower prevalence of diabetes, even when overweight and obese (see [Section 6](#sec6){ref-type="sec"}), compared to other population groups. High carbohydrate intake over the past millennia may have also increased positive selection for genes associated with higher *β*-cell mass. In Swedish and Finnish populations, variants in 11 genes (*TCF7L2, PPARG, FTO, KCNJ11, NOTCH2, WFS1, CDKAL1, IGF2BP2, SLC30A8, JAZF1,*and *HHEX*) are significantly associated with the risk of type 2 diabetes independently of clinical risk factors \[[@B41]\]. Variants in 8 of these genes were associated with impaired *β*-cell function. Populations that adopted agriculture more recently such as the Pima Indians are likely to have a higher prevalence of genes transcribing insulin resistance or impaired *β*-cell function than those exposed for thousands of years.

The Carnivore Connection hypothesis has been tested recently in sample populations from the Asian steppes \[[@B42]\]. Ten candidate genes for insulin resistance, anthropometry, and physiological measures, including HOMA insulin resistance, were compared in traditional herders (pastoralists = high-protein diet) and farmers (agriculturalists = high-carbohydrate diet). While none of the genes tested showed causal mutations with higher frequency in herders, tests of neutrality showed some genes (SLC30A8, LEPR, and KCNQ1) could have been involved in past adaptations to diet. Consistent with the Carnivore Connection hypothesis, the prevalence of insulin resistance was significantly greater in herders compared to farmers, despite no major differences in current diet.

Environmental pressures such as geographic isolation and/or starvation may have led to further increases in the prevalence of insulin resistance gene(s) in certain population groups. Geographic isolation has led to genetic bottlenecks and reduced genetic diversity in the Nauruans and Pima Indians \[[@B43]\]. Both populations have also been exposed to food shortages and starvation in the recent past. As occurs with low carbohydrate intake, starvation results in the need for increased gluconeogenesis and peripheral insulin resistance \[[@B44]\]. This may have selected for those with a profound degree of insulin resistance which was inherited by future offspring. Women with polycystic ovarian syndrome are known to be exceptionally insulin resistant and may represent a group that was highly fertile in a low-carbohydrate environment \[[@B45]\].

Insulin resistance has previously been proposed to be the mechanism for coping with variable food intake during evolution \[[@B46], [@B47]\]. Neel\'s thrifty gene hypothesis postulates that cycles of feast and famine selected for a "quick insulin trigger" (postprandial hyperinsulinemia) as a mechanism to increase fat stores during food abundance and available during food scarcity \[[@B48]\]. An alternative hypothesis by Reaven \[[@B49]\] suggests that muscle insulin resistance was the key to survival during food scarcity because it conserved glucose by minimizing gluconeogenesis and preserving lean body mass.

Both these hypotheses are based on the assumption that there were challenging periods of food scarcity prior to the advent of agriculture. However, this is not supported by the scientific literature \[[@B50]\]. While hunter gatherers would have been exposed to seasonal and geographical changes in food supply, severe food shortages or starvation were rare and more likely to occur *after* the transition to agriculture (preindustrialization). Specific mechanisms for coping with low carbohydrate intake, rather than total dietary energy, probably afforded the greatest reproductive and survival advantages.

Genome-wide scans and other research have been directed towards discovering the gene(s) associated with insulin resistance and type 2 diabetes. However, the complexity of human metabolism means that there are likely to be multiple gene systems involved, including those that influence insulin sensitivity and others that influence *β*-cell function \[[@B51]\]. PC-1 (plasma cell membrane glycoprotein-1), which interferes with insulin receptor tyrosine kinase activity, thereby inhibiting subsequent cellular signalling \[[@B52]\], has been associated with insulin resistance \[[@B53]\]. Reduced expression of the "susceptibility" gene CAPN10 (calpain-10) has been linked to decreased glucose uptake in skeletal muscle \[[@B54]\]. Recently, the ACAD10 (acyl coenzyme A dehydrogenase 10) gene has been associated with fatty-acid-induced insulin resistance \[[@B55]\] as it may catalyze mitochondrial fatty-acid oxidation \[[@B56]\].

5. The Quality of the Carbohydrate {#sec5}
==================================

Dietary carbohydrate quality changed markedly with the industrial revolution in the 17th century. Prior to this, cereals were typically eaten whole or coarsely ground or flaked, with large particles of intact fiber and starchy endosperm that was less easily gelatinized during cooking. As a result, cereal carbohydrates were slowly digested and absorbed, eliciting small postprandial glucose and insulin responses \[[@B57], [@B58]\]. Irrespective of GI, the high intake of insoluble cereal fiber likely reduced the burden on the *β*-cell by enhancing insulin sensitivity, perhaps via acceleration of GIP (glucose-dependent insulinotropic polypeptide) \[[@B59], [@B60]\]. Thus, the *β*-cells probably coped well on the postagriculture high-carbohydrate low-GI diet. Most traditional hunter-gatherer carbohydrate foods have been shown to be low in GI \[[@B61], [@B62]\]. While traditional hunter-gather diets did not provide cereal fiber, they would have contained soluble and insoluble fiber derived from fruits and vegetables \[[@B63]\], which acts to slow glucose absorption and enhance glycemic control \[[@B64]\].

The industrial revolution marked the era of the high-GI, high-glycemic load diet. New high-speed steel roller mills allowed cereal grains to be more finely ground and the fiber separated and removed. The degree of gelatinization during cooking increased and thus the rate of carbohydrate digestion and absorption, producing greater postprandial increases in glycemia and insulinemia \[[@B58], [@B65]\]. High-GI varieties of potatoes were introduced to western diets at this time, contributing to a higher dietary glycemic load \[[@B66]\]. The modern high-carbohydrate, high-GI diet therefore elicits more insulin secretion, that is, a higher insulin demand. Oxidative stress within the *β*-cell could therefore contribute to increased apoptosis and gradual reduction in *β*-cell mass \[[@B67]\]. Eventually, in susceptible individuals with higher degrees of insulin resistance and reduced *β*-cell mass, impaired glucose tolerance and type 2 diabetes develop \[[@B40], [@B68]\]. Those with inborn, inherent insulin resistance face the greatest challenges when exposed to Westernization \[[@B69], [@B70]\].

Hales and Barker \[[@B71]\] suggest that *β*-cell dysfunction manifests in individuals exposed *in utero*and in early life to suboptimal nutrition. But both high- and low-birth-weight infants are predisposed to greater insulin resistance at birth \[[@B72]\]. High-carbohydrate-weaning diets are associated with greater insulin resistance and risk of type 2 diabetes in animal models. In gestational diabetes, exposure *in utero* to hyperglycemia stimulates fetal insulin secretion and fetal growth, resulting in high birth weight and increased appetite \[[@B73]\]. The U-shaped association between birth weight and risk of type 2 diabetes has been documented in the Pima Indians \[[@B74]\].

Consequently, both the quantity and quality of the carbohydrate in modern diets are relevant to the prevention of type 2 diabetes. Alternate dietary strategies that limit postprandial hyperglycemia, including high-protein diets, Mediterranean-style diets, and low-glycemic load diets, are associated with greater weight loss \[[@B75]\] and metabolic advantages in overweight individuals \[[@B76]\]. In meta-analyses, low-GI diets have improved diabetes control \[[@B77]\]. In large scale observational studies, low-GI and low-glycemic-load diets have been associated with reduced risk of developing type 2 diabetes \[[@B68], [@B78]\]. Low-GI diets may assist weight control by improving satiety and increasing the utilization of stored fuels \[[@B79]\]. In both animals \[[@B80], [@B81]\] and humans \[[@B82]--[@B84]\], low-GI diets have improved weight management.

6. The Obesity Epidemic and Recent Dietary Changes {#sec6}
==================================================

In recent decades, overweight and obesity have risen to epidemic proportions in both developed and developing countries \[[@B85]\]. Rapid increases in body weight among children and younger age groups indicate that environment and lifestyle, not just genetic predisposition, play critical roles in the etiology of chronic disease \[[@B86]\]. Declining physical activity and energy expenditure worsen insulin resistance and the likelihood of incremental weight gain \[[@B87]\]. While the causes of the obesity epidemic are complex and multifactorial, worldwide dietary trends over the last three decades, including lower protein intake as a proportion of energy, higher consumption of refined cereals, and the substitution of carbohydrate for saturated fat, have led to substantial increases in average dietary glycemic load \[[@B88]\]. In a predominantly overweight and sedentary population, refined carbohydrates may cause greater metabolic damage than saturated fat \[[@B89]\].

While weight gain will occur whenever energy intake surpasses energy expenditure, diet composition has important influences on appetite, hunger/satiety, and therefore weight control. The Protein Leverage hypothesis \[[@B90]\] proposes that animals will overeat carbohydrate and fat in an effort to achieve a specific protein target. Overconsumption of energy on low-protein diets has been reported for insects, fish, birds, rodents, nonhuman primates, and humans, providing another example of metabolic pathways conserved by evolution. In large, well-designed randomized controlled trials, higher-protein diets have been associated with greater weight loss \[[@B91]\] and prevention of weight regain \[[@B92]\].

Diet composition also influences fuel partitioning, that is, the use of fatty acids versus glucose as the substrate for energy production \[[@B93]\]. Diets that increase postprandial hyperglycemia and hyperinsulinemia have been shown to promote carbohydrate oxidation at the expense of fat oxidation, an effect that may be conducive to increased adiposity \[[@B94], [@B95]\]. Low-GI diets may therefore enhance weight control by several mechanisms, including higher-satiety, higher-insulin sensitivity, and lower postprandial hyperinsulinemia. This hypothesis is supported by intervention studies showing that *ad libitum* consumption of low-GI foods promotes greater weight loss and prevention of weight regain than macronutrient matched diets based on high GI foods \[[@B92], [@B96], [@B97]\]. Long-term studies in animal models also show that high GI starch diets promote weight gain, visceral adiposity, and higher levels of lipogenic enzymes compared with isoenergetic, macronutrient-controlled low-GI starch diets \[[@B96], [@B97]\]. Finally, in healthy pregnant women, a high-GI diet is associated with higher birth weight and infant ponderal index than a nutrient-balanced low-GI diet \[[@B98]\]. In this way, epigenetic changes brought about by differences in diet composition during pregnancy could promote acceleration of obesity from one generation to the next \[[@B99]\].

Individuals that are capable of high postload insulin secretion may be the group most likely to accumulate fat on a high-glycemic-load diet and find weight loss difficult \[[@B100]\]. Thus, although Europeans may be less genetically susceptible to type 2 diabetes than other populations, the increasing prevalence of insulin resistance associated with obesity increases the likelihood of *β*-cell dysfunction and type 2 diabetes \[[@B101]\]. Any healthy diet that reduces postprandial glycemia and insulinemia, including high-protein, lower-carbohydrate diets, Mediterranean-style diets, and low-glycemic-load diets, may be preferable to the conventional high-carbohydrate, low-fat diet \[[@B75]\]. In a large European study, a modest increase in protein intake and a modest reduction in GI was associated with maintenance of weight loss and greater participant satisfaction \[[@B92]\].

A summary of the relationship between these lifestyle factors is shown in [Figure 2](#fig2){ref-type="fig"}.

7. Future Frontiers {#sec7}
===================

Future research on fuel metabolism during pregnancy, gestational diabetes, and polycystic ovarian syndrome will hopefully shed light on the origins of intrinsic insulin resistance in humans. The new field of metabolomics in which multiple plasma metabolites can be monitored in the postprandial state offers exciting opportunities. Anthropological studies in traditional hunter gatherers versus farmers and further animal studies, particularly in the pregnant state in carnivorous versus omnivorous mammals, will also provide data in support (or not) of the Carnivore Connection.

8. Conclusion {#sec8}
=============

The Carnivore Connection argues that a scarcity of carbohydrate, rather than food energy, over the course of human evolution is intimately linked to the population risk of type 2 diabetes. We hypothesize that low glucose intake associated with a low-carbohydrate, high-protein diet during the Ice Ages led to positive selection of intrinsic insulin resistance as a survival and reproductive advantage. Alternate hypotheses, such as the thrifty genotype hypothesis, postulate that total dietary energy selected for insulin resistance, but there is currently no evidence that regular periods of food scarcity occurred prior to the advent of agriculture. Only the Carnivore Connection hypothesis explains the relatively low susceptibility to type 2 diabetes in Europeans versus other population groups. Consistent with the hypothesis, a recent trial found the prevalence of insulin resistance significantly greater in pastoralists compared to agriculturalists on the Asian steppes. Further research is required to determine whether genes associated with insulin resistance and *β*-cell function vary between recent hunter gatherers and long-standing farming populations. In the interim, protein intake and carbohydrate quality and quantity are relevant to the prevention and management of obesity and type 2 diabetes.
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